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The microtubule cytoskeleton plays a key role in plant cell morphogenesis and multicellular development. Disruption of plant microtubule organization by drugs or through mutation causes defects ranging from changes in cell shape to a dramatic loss of organ form (1-5). The cortical microtubule array is proposed to inuence cell shape by guiding the deposition of new cell wall polymers (4, 6, 7) . Aligning the cellulose microbrils in the cell wall restricts cell elongation, resulting in anisotropic cell wall expansion and the acquisition of specialized cell shapes (7) . How the cortical microtubules are created and positioned to form organized arrays is not known.
Plant cortical microtubule arrays are dynamic structures (8) , continually reorganizing in response to environmental and developmental cues (2, 9) . In epidermal cells of the root or shoot axis, interphase microtubules show a progressive change in organization following cell division. Unlike interphase arrays in animal or fungal cells, the plant cortical array does not radiate from a central organizer. Microtubules rst appear at the cell cortex in a disordered arrangement and then form remarkable transverse helical arrays that change pitch as the cell expands (6, 9, 10) . Several mechanisms have been proposed for the creation and dynamic organization of the cortical arrays (2, (11) (12) (13) (14) (15) , including de novo microtubule polymerization in a preferred orientation, transport of microtubules originating at the nuclear surface to dened cortical positions, lateral and axial sliding (translocation) of existing cortical microtubules into new positions, and the migration of polymers to new positions by the balanced addition and removal of subunits at the microtubule ends (treadmilling) . To analyze the behavior of individual cortical microtubules and to ask which of these mechanisms contribute to cortical array organization, we created tubulin-green uorescent protein (GFP) fusions that permit imaging of individual microtubules in transgenic Arabidopsis plants.
Individual Microtubule Behaviors
Time-lapsed confocal imaging of Arabidopsis epidermal cells expressing GFP-tubulin fusion proteins (n = 33 cells, 4.1min average duration at 3.85sec intervals) revealed discrete sites of apparent microtubule initiation at the cell cortex (Fig. 1A,B) . Microtubules that depolymerized to visible completion rarely showed recovery (48 of 50 events with >2min of imaging after depolymerization), suggesting that most initiation sites represent de novo origins. Initiation sites were scattered throughout the observed area of the cell cortex and appeared both in association with existing microtubules and in regions with no other detectable microtubules. In several cases, multiple microtubules polymerized from the same site (Fig. 1A , Movies S1,S2). Limited examples of severing or breakage in elongated microtubules were recorded, though in 24 of 51 observed severing events at least one of the resulting microtubules depolymerized to extinction. In observations of 30 cells, we failed to observe a microtubule emerging from the cytosol to join the cortical array, while we observed 71 cortical initiation events in these same cells. Thus, the majority of new microtubules in mature interphase arrays were likely created at the cell cortex and did not come from interior organizing centers such as the nuclear surface.
Consistent with this, AtSpc98, a proposed microtubule organizing center component, has been localized to the plasma membrane of Arabidopsis cells (16) .
New microtubules did not remain anchored to their site of initiation ( Fig. 1A ; Movies S1-S3). Initiating microtubules extended several micrometers before either shortening to extinction (7/43 initiation events) or moving away from the initiation site (36/43).
Motility was unidirectional, with single microtubules moving most commonly in shallow arcs ( Fig. 1B, C ; Movies S1-S3), often changing trajectory several times on the cell cortex during the course of observation (2-8 min.). In cases where multiple microtubules initiated from the same location, they often departed at diverging angles ( Fig. 1A,B; Movies S1-S3). Time-lapse images of digitally linearized microtubules further illustrated the unidirectional motility and revealed markedly different dynamic properties for the leading and lagging ends (Fig. 1D-F , and below). After moving away from their sites of initiation, a subset of polymers shortened completely from the leading end, while the remainder migrated across the cell cortex and gradually elongated or became incorporated into microtubule bundles (Fig. 1D-F) .
To test whether the microtubule motility was due to sliding (translocation of the polymer) or treadmilling, the GFP-labeled microtubules were marked by photobleaching (n=12 cells, >50 single microtubules). While microtubules remained motile after photobleaching, the photobleached marks maintained xed positions with reference to the cell ( Fig.   2A , Movie S4); in no case did we observe the movement of a photobleached mark on a single microtubule (Fig. 2B-D) . Thus single microtubules were xed in place at the cell cortex and the apparent microtubule motility resulted from polymerization and depolymerization at the ends and not from translocation of the intact microtubule polymer.
Motile microtubules were observed either to cross over other microtubules or to incorporate into bundles (Fig. 1C , Movies S1-S3). Bundling initiated when the leading end of a motile microtubule contacted another microtubule or bundle and changed trajectory to become co-aligned. Progressive changes in uorescence intensity along the encountered polymer suggest that the leading end continued to polymerize along the bundle after initial contact. Depolymerization from the lagging end completed the bundling process by consuming the unbundled portion of the microtubule. Photobleached marks made on microtubule bundles typically recovered rapidly but did not move ( Fig. 2A ,B,D; Movie S4). Thus bundled microtubules remained dynamic, with the observed dynamic behavior being caused by polymerization and depolymerization and not by the sliding of bundled microtubules.
To ask if lateral movements contributed to microtubule positioning, we drew a linear transect across the cell image to sample random discrete locations along multiple microtubules (Fig. 2E) . The uorescence signal along this transect from a time-lapse series of images was projected as a kymograph to analyze the stability of microtubule position over time (Fig. 2F) . Parallel, vertical lines in the kymograph indicated that the cortical microtubules showed almost no lateral translocation, despite rapid cytoplasmic streaming.
This lateral stability was evident even when single microtubules displayed no overlap with other cortical microtubules, establishing that stabilization of microtubule position did not rely on inter-microtubule crosslinking. The stability of the uorescence signal in the focal plane over the duration of the experiment further indicated that microtubules did not show detectable movement on and off the cell cortex. Thus the majority of the microtubules in the observed cortical arrays were strongly associated with the cell cortex, as proposed previously from ultrastructural studies (17) , and lateral translocation of both single and bundled microtubules was either rare or too slow to detect over a 6min observation interval.
Exceptions to cortical association were found when a microtubule end moved rapidly out of focus and into the streaming cytoplasm ( 
Polymerization Dynamics
To investigate how polymerization dynamics contribute to cortical array behavior, we measured the dynamic properties of both the cortical array and the individual microtubule ends. Using uorescence redistribution after photobleaching (FRAP), we measured a recovery halftime of 58.95s (n = 27 cells, std = 14.7, sem = 2.83) from epidermal cells in the hypocotyl (Fig. 3AB, Movie S5 ). This recovery time is approximately 4 times faster than that measured in animal interphase arrays (19, supplemental materials) . These data obtained with a GFP-tubulin fusion protein expressed in Arabidopsis conrm previous FRAP results from Tradescantia stamen hair cells injected with uorescent animal tubulin (8) .
To determine how individual microtubule polymerization dynamics contribute to cortical array turnover and behavior, we measured velocities of growth and shortening (Fig. 3C) , and the transition frequencies between growth, shortening, and pause states for single microtubules where both ends were clearly visible (Table 1 , n = 78 microtubules from 18 cells). The microtubule end leading the unidirectional motility displayed 5 fold more net polymerization-depolymerization per unit time (dynamicity) than the lagging end ( Table   1 ), conrming that the two ends had distinct dynamic properties. The leading end showed persistent phases of both growth and shortening, the rate of shortening being faster on average (5.88+/-5.07µm/min) than the rate of growth (3.69+/-1.90µm/min). Catastrophe (0.043s -1 ) and rescue (0.082s -1 ) frequencies, however, favored time spent in growth (Table 1) , resulting in a net gain in polymer at the leading end. Lagging end growth was slow (1.96+/-1.24µm/min) and rare (Table 1) , possibly falling within the error of the measurement technique. The lagging end spent approximately the same amount of time shortening as did the leading end, but depolymerization occured more slowly (2.78+/-2.13µm/min) and commonly transitioned to a pause state (rescue = 0.128s -1 , Table 1 ). We measured an increase in total polymer for the microtubules sampled in this study (0.36µm/min per microtubule). This increase arose at least in part because microtubules that elongated and then associated into bundles could no longer be measured (Fig. 1C ), but may also reect an actual bias in the dynamics of the population of sampled microtubules.
Conclusions
Microtubules were observed to migrate across the cortex of Arabidopsis epidermal cells using a hybrid treadmilling mechanism. Treadmilling motility was not caused by pronounced dynamic instability at both polymer ends (20) , nor steady gain at one end and steady loss at the other (21) . Rather, motility was the net result of slow, intermittent depolymerization at the lagging end, coupled with polymerization-biased dynamic instability at the leading end. Further, the discovery of dynamic instability as the dominant mode of dynamic behavior in the Arabidopsis interphase arrays suggests that dynamic instability is integral to the organization of both centriolar and acentriolar interphase arrays.
Treadmilling events have been observed in animal cells and cytoplasts when microtubules escaped from the centrosome or suffered breakage events (22) (23) (24) (25) (26) (27) . These events are relatively rare and short lived, ending by rapid depolymerization from the minus end MT End Table 1 . In vivo transition rates for single microtubules. K is the rate of transitions between dynamic states in events/min. g=growth, s=shorten, p=pause.
Supplemental and Online Materials
Plant and animal microtubule dynamics. The halftime to uorescence recovery in the plant cell cortical array is approximately four times faster (this study, 8) than for animal interphase arrays (S1). Yet, our measurements of single microtubule dynamics showed that the total subunit turnover per unit time, the dynamicity, is approximately the same between the two systems (4.9±1.6 and 4.5 ± 2.8 (S1)). Further, we found that the growth and shortening velocities of plant microtubules are actually slower than those reported for animal cells by a factor of two (S1). An examination of polymerization patterns at both microtubule ends reveals a possible explanation for these apparently conicting measurements. While plant microtubule ends grow and shorten at about half the velocity of animal microtubules (S1), they have a similar dynamicity because they exhibit dynamic behavior far more often (90% in plants vs 35% in animals (S1)). In treadmilling, plant microtubules the lagging ends also contribute to dynamicity. Plant microtubules are slowly growing and shortening almost constantly, whereas activity in animal arrays is concentrated in fewer but faster bursts.
In both plant and animal interphase microtubules, subunit addition occurs primarily at the leading ends. However, in treadmilling plant microtubules subunit loss occurs not at one end, but at both ends. Because the two systems have similar rates of subunit gain and loss, distributing loss over two ends results in a larger bias towards net subunit gain at the plant leading ends. In the FRAP experiment, the shape of the recovery curve is strongly inuenced by the initial period of recovery, which is solely due to polymerization. The large bias towards polymerization at the leading end of the plant microtubules will accelerate the FRAP recovery rate when compared to the non-treadmilling animal system. Polymer gain at the lagging end. Release of the microtubule from the initiation site resulted in a free minus end that exhibited some capacity for dimer addition. The majority of lagging end growth events was within the measurement error for the experiment and in no case did we observe a persistence of growth events leading to elongation of more than a micrometer. These observations suggest that polymerization is not strongly promoted at the lagging ends and that lagging end growth does not contribute signicantly to minus end dynamics.
Polarity of the cortical array. The leading ends of adjacent microtubules often were oriented in opposite directions (Movie S3), showing that cortical microtubules are not organized in a uni-polar fashion but can have opposing polarity in the same array.
Homogeneous recovery of uorescence in photobleaching experiments also revealed that the organization of the plant cortical array is not highly polarized (Movie S5).
This lack of polarity is observed even in cells where the microtubules are dramatically co-aligned, showing a net transverse orientation relative to the long axis of the cell.
The bi-directionality of polymers in the highly ordered cortical array suggests that net polarity in the array is not required for array organization or function. Further, tethering microtubules to the cell cortex requires a mechanism that can recognize microtubules in a variety of orientations.
Methods and Materials
Fusions between EYFP (Clontech) and Arabidopsis tubulin isoforms were created by amplication of AtTub3A and AtTub1A from a pooled Arabidopsis cDNA library using Arabidopsis seeds were refrigerated at 4°C for 2-3 days then germinated on MurashigeSkoog (MS) agar at 23°C under constant light. At 3-4 days, seedlings were transferred to large coverslips, mounted in MS media, and stabilized by an overlying coverslip held in place with silicon vacuum grease. Most confocal images were acquired with a BioRad
